The Marselisborg WWTP (Aarhus, Denmark) fed the mainstream nitrification/denitrification tanks with excess sludge from a sidestream DEMON tank for more than three years to investigate if anammox can supplement conventional nitrification/denitrification in a mainstream of a temperate region. To evaluate this long-term attempt, anammox and also denitrification rates were measured in activated sludge from the main-and sidestream at 10, 20 and 30 C using 
INTRODUCTION
The dominant source of fixed nitrogen in most municipal wastewater treatment plants (WWTPs) is NH 4 þ which can reach concentrations of up to a few mmol L À1 and would lead to strong eutrophication if released untreated into aquatic environments. Conventionally, NH 4 þ is removed in municipal WWTPs via biological nitrogen removal (BNR) by alternating nitrification and denitrification in nitrification/denitrification tanks of the mainstream (van Hulle et al. ) . During nitrification, NH 4 þ becomes oxidized to NO 2 À and NO 3 À , which in turn are reduced to N 2 that is emitted to the atmosphere. However, NH 4 þ oxidation during nitrification requires O 2 associated with high aeration costs. Also, denitrification might be an additional cost factor, because it is an anoxic but heterotrophic N-removal process and therefore sometimes requires additional organic carbon which has to be purchased to keep microbial conversions by denitrification efficient (Lackner et al. ) .
Only two decades ago it was discovered that NH 4 þ can also be removed by anaerobic ammonium oxidation in WWTPs (anammox; Mulder et al. ) . By the anammox process, the bacteria oxidize NH 4 þ with NO 2 À to N 2 , which is an autotrophic N-removal pathway without the need of organic carbon input (Strous et al. ) and therefore more cost efficient. Efficient BNR by anammox in municipal WWTPs is well-established in NH 4 þ -rich sidestreams of reject water from anaerobic digesters (Lackner et al. ; Li et al. ) . Here, high temperatures favor the microbial anammox activity and growth (van Hulle at al. ) , and the low organic carbon content after the digestion suppresses heterotrophic denitrifying bacteria that would otherwise outcompete the slow growing anammox bacteria ( Jenni et al. ) . Another cost-efficient advantage of anammox is the coupling to partial nitritation (nitritationanammox process), which requires less aeration energy due to oxidation of NH 4 þ only to NO 2 À by ammonia-oxidizing bacteria (AOB) and not further to NO 3 À by nitrite-oxidizing bacteria (NOB). In fact, not all of the NH 4 þ needs to be oxidized to NO 2 À because NH 4 þ itself serves as one of the substrates for anammox.
Since the discovery of anammox, more than 114 WWTPs around the world had implemented full-scale anammox in 2015 (Ali & Okabe ) to improve BNR at lower costs; including the Marselisborg WWTP in Aarhus, Denmark. At Marselisborg WWTP, anammox was fully implemented in March 2015 in a sidestream single-stage aerobic/anoxic deammonification process (DEMON tank) with suspended granular sludge and cyclone operation (Hippen et al. ; Wett ; Li et al. ) . From the beginning, the Marselisborg WWTP also enriched the mainstream with excess sludge from the DEMON in the hope to achieve a reasonable relative proportion of anammox in BNR and with this an energy-saving anammox effect in the mainstream (Li et al. ) . This was a pioneering longterm experiment as it was not known if (a) the anammox bacteria could remain in the mainstream without controlled cyclone operation and (b) anammox activity would adapt from [30] [31] [32] [33] [34] [35] C in the DEMON to mainstream temperatures that vary between 7 and 20 C throughout the seasons in Denmark.
To evaluate if this long-term experiment was successful, a highly specific 15 N-labelling approach (stable isotope) was used to measure anammox and also denitrification rates in activated sludge from the DEMON and mainstream. The 15 N-labelling experiments were conducted in the laboratory under in situ conditions with untreated activated sludge, but temperatures were adjusted to 10, 20 and 30 C to (a) calculate the temperature dependence of anammox and denitrification, (b) estimate on a potential cold adaption of anammox in the mainstream, and (c) make statements on the relative importance of anammox and denitrification in the respective tanks.
In addition to anammox and denitrification rate measurements, this study also aimed to discover if anammox or denitrification in the mainstream might be coupled to shortcut biological nitrogen removal (SBNR), like the nitrification-anammox process in the DEMON. Another potential energy-saving SBNR process in the mainstream is a nitrite shunt. Via a nitrite shunt, NO 2 À produced by AOB is immedi- kept at 20 C and measured within 5 h after sampling, and activated sludge samples for rate measurements at 10 C were stored at 4 C and measured within 24 h after sampling.
For each temperature experiment, 400 mL activated sludge was transferred into a 500 mL incubation bottle (BlueCap Bottle; DURAN ® ) which was placed in a temperature-controlled water bath (Supplementary Figure 1 , available with the online version of this paper). The sludge was gently mixed during the entire incubation using a magnetic stirrer below the water bath. The incubation bottle was sealed with a gas tight butyl rubber stopper containing inflow-and outflow ports to introduce anoxia with He, and to connect a 50 mL glass syringe for pressure adjustments (Fortuna ® Optima ® ; wet glass piston prevents gas loss); the total headspace volume was 240 mL at t 0 (bottle plus pressure adjustment syringe from each incubation bottle was taken with a gas tight syringe (SGE Analytical Science, TRAJAN) through the rubber stopper directly after adding 15 N-label (t 0 ) and thereafter every 10 min for a total of 1 h (t 1 -t 6 ). One mL of the headspace in the sampling syringe was discarded and the remaining 4 mL were transferred to 6 mL exetainers (Labco EXETAINER ® Vials), prefilled with He-flushed 0.5% ZnCl 2 solution, while the excess solution was expelled. Gas samples were stored upside down until analysis. Prior to each sampling, the headspace of the pressure adjustment syringe was gently mixed with the headspace of the incubation bottle by moving the piston of the pressure adjustment syringe several times a few millimeters up and down (for proof of concept see Supplementary Figure 2 , available online). After each sampling, the piston of the pressure adjustment syringe lowered automatically and pressures below atmospheric were thus prevented. N-label. Samples were sterile filtered (0.22 μm) and frozen (À20 C) until further analyses.
For measurements of suspended solids (SS), i.e. total suspended solids (TSS) and volatile suspended solids (VSS), per volume of activated sludge, the sludge was vigorously mixed after the experiment, and 40 mL sludge from each incubation bottle was transferred into pre-weighed porcelain vials which were heated at 100 C for 3 days (TSS) and thereafter at 500 C for 24 h (VSS ¼ TSS -inorganic compounds).
Analyses and calculations for 15 N-labelling experiments
The isotopic composition of N 2 was determined via gas chromatography -isotope ratio mass spectrometry (GC-IRMS; SerCom) for calculation of the accumulation of 
Accumulation rates of 15 N-labeled N 2 (± standard errors) were calculated from the linear regression of the measured excess labeled N 2 per time (n ! 4 timepoints) and were related to TSS and VSS, respectively. The decreasing headspace volume (because of pressure adjustment syringe; see above) and the N 2 dissolved in the sludge (Bunsen coefficient: N 2water /N 2gas ¼ 0.015) were considered for all calculations.
The Q 10 value (temperature coefficient) for a changing N-conversion rates (R 1 and R 2 ) as a consequence of an increasing temperatures by 10 C (T 1 and T 2 ) was calculated using the following equation (e.g. Reyes et al. ): 
RESULTS

Distinct temperature dependence of anammox and denitrification
Anammox and denitrification rates in the DEMON and nitrification/denitrification tanks showed a clear temperature dependence with highest rates at 30 C, medium rates at 20 C, and lowest rates at 10 C (Figure 1 ). The TSS/VSS ratio was 2.1 ± 0.1 and 1.7 ± <0.1 (mean ± standard derivation) in the DEMON and nitrification/denitrification tanks, respectively, which is reflected in the higher anammox and denitrification rates per VSS, i.e. per biomass and other organic material. The temperature dependence of the N-conversion rates affected anammox in particular. In the DEMON, anammox rates were 7.7 ± 0.6 and 72.9 ± 7.2 μmol gVSS À1 h À1 at 10 C and 30 C, respectively (mean ± standard error), and thus increased nearly 10 times at higher temperature (Figure 1) , which corresponds to an anammox Q 10 value of 3.0. Anammox rates also showed a strong temperature dependence in the nitrification/denitrification tanks. Here, the rates were 0.011 ± 0.002 and 0.082 ± 0.004 μmol gVSS À1 h À1 at 10 C and 30 C, respectively (Q 10 value: 2.7). Denitrification also exhibited a distinct temperature dependence, but was less sensitive than anammox. Thus, rates increased from 1.3 ± 0.1 to 2.7 ± 0.2 μmol gVSS À1 h À1 at 10 C and 30 C, respectively, in the DEMON (Q 10 value: 1.4; Figure 1 ), and from 1.17 ± 0.07 to 6.33 ± 0.41 μmol gVSS À1 h À 1 at 10 C and 30 C, respectively, in the nitrification/denitrification tanks (Q 10 value: 2.3).
Anammox in the mainstream is negligible
Anammox was the dominant dissimilatory N-removal pathway in the DEMON and denitrification was the dominant dissimilatory N-removal pathway in the nitrification/denitrification tanks, at which denitrification rates in the DEMON are almost half as high as in the nitrification/denitrification tanks (Figure 1 ). At 30 C, which is in the range of the in situ temperature of the DEMON (30-35 C), anammox rates were 30 times higher than denitrification rates. At 10 C, which covers the in situ temperature of the nitrification/denitrification tanks during the seasons in Denmark except for the summer, denitrification rates were 115 times higher than anammox rates, and at 20 C, which covers the in situ temperature during summer, denitrification rates were 173 times higher than anammox rates in the nitrification/denitrification tanks. The anammox process is therefore negligible for BNR in the mainstream of Marselisborg WWTP. 
Full nitrification dominates over partial nitritation in the mainstream
The investigation of a possible SBNR process, like nitritation-anammox or a nitrite shunt in which nitritation is coupled to denitrification, largely excluded its presence in the nitrification/denitrification tanks of Marselisborg WWTP during the time of our sampling in August 2018. During aeration, NH 4 þ oxidation was largely mirrored by the production of NO 3 À , indicating full nitrification, while NO 2 À concentrations varied little in general (Figure 2 ). In case of partial nitritation, NH 4 þ would only become oxidized to NO 2 À , and NO 2 À might either accumulate for later denitrification in anoxic conditions, or immediately be taken up by e.g. simultaneous nitritation/denitrification. However, NO 2 À wouldn't become further oxidized to NO 3 À as observed in this study. Also, the net consumption rates of NH 4 þ and net productions rates of NO 3 À are in the same range (Figure 3 ), which again stresses that partial nitritation in the nitrification/denitrification tanks of Marselisborg WWTP can be largely excluded. The NO 2 À turnover to NO 3 À is so immediate that it cannot be captured, or might be partially intracellular (comammox; Daims et al. ).
The sampling site at 3-4 m water depth close to an aeration zone (bottom water) is, however, an exception. Here, the consumption of NH 4 þ is not completely mirrored by the production of NO 3 À (Figure 2 ) and also the net consumption and net production rates are not in the same range (Figure 3 ).
DISCUSSION
As part of an energy-efficiency plan, Marselisborg WWTP successfully implemented sidestream anammox with the DEMON process. To explore whether anammox might also contribute with a reasonable relative proportion to BNR in the nitrification/denitrification tanks of Marselisborg WWTP, excess sludge from the DEMON was continuously redirected into the nitrification/denitrification tanks for more than three years. The continuous feeding approach was selected since it would be directly applicable in conventional activated sludge WWTPs with anaerobic sludge digestion and anammox deammonification of reject water from the digester, without significant redesign of processes and infrastructure. The results of our 15 N-labelling rate measurements show, however, that despite the innovative long-term initiative of Marselisborg WWTP, anammox rates in the mainstream only reach approximately 1% of the measured denitrification rates, and are thus negligible in the mainstream (Figure 1 ). To our knowledge, these are so far the only reported results of a long-term trial to introduce anammox in a mainstream during ongoing operation of the WWTP. Figure 1 ) and, moreover, a significant cold adaption of DEMON reactor grown annamox bacteria in the mainstream nitrification/denitrification tanks cannot be observed. The calculated Q 10 values from anammox rates in the DEMON and nitrification/denitrification tanks are in the same range. However, the lower temperatures in the mainstream and the lack of cold adaption, respectively, cannot be the only factor for negligible anammox rates in the nitrification/denitrification tanks of the mainstream. Also, in our 30 C experiments with activated sludge from the nitrification/denitrification tanks, anammox rates were so low that anammox could not contribute significantly to BNR, even if the mainstream temperature at Marselisborg WWTP would be 30 C.
One at-first-glance convincing explanation for the low anammox rates in the mainstream is simply the low abundance of anammox bacteria. In the DEMON, anammox granules become continuously enriched during cyclone operation and are thus numerous and also very well visible with the naked eye. In fact, approximately 22% of the DEMON sludge consists of anammox granules (TSS/dry weight [DW]; Supplementary Table 1, available with the online version of this paper). In contrast, no additional measures were taken by Marselisborg WWTP to keep and further enrich anammox granules in the mainstream nitrification/denitrification tanks. The entrainment of anammox granules from the DEMON to the nitrification/denitrification tanks is not controlled, and the solids retention time (SRT) at Marselisborg WWTP might, with six and 12 days between summer and winter month, be too short, such that anammox granules become washed out too fast. Actually, only 29 granules were counted during a systematized screening of 250 L water from the nitrification/denitrification tanks, which accounts to approximately 0.045% of the sludge in the nitrification/denitrification tanks (TSS/DW; Supplementary Table 1 ). The DEMON sludge therefore contains a 500 times higher fraction of anammox bacteria, which nearly explains the approximately 800-900 times higher anammox process rates measured in the DEMON (Figure 1 ). The short SRT also largely prevents a sufficient growth of anammox bacteria. Even at optimal growth conditions with temperatures between 30 and 40 C, anammox doubling times are 7-14 days (reviewed by Ali & Okabe ) and are thus in the same range as the SRT. At lower temperatures, doubling times can yet increase by 10-fold (Lotti et al. ) , though actual doubling times will depend on respective anammox species and growth conditions. A promising action for enhancing anammox bacteria abundance would be to increase their residence via a prolonged SRT. A significantly increased SRT, and thus a further decoupling of SRT to hydraulic retention time (HRT) would, however, require a complete process redesign and probably a much more efficient recovery of C-sources via primary sludge extraction, before partial oxidation of NH 4 þ to NO 2 À as the initial step in anammox.
The configuration would thus be moving towards a situation similar to conditions in the DEMON tank, but at lower temperatures and higher C-content. Other possibilities for increasing the anammox bacteria abundance would be the installation of permanent bacterial carriers or cyclone-like operations, and with this allowing anammox bacteria to grow and adapt to lower temperatures, respectively. (Soliman & Eldyasti ) . In the nitrification/denitrification tanks of Marselisborg WWTP, this might happen to some extent in the bottom sludge, in particular at the sampling site close to an aeration zone, where low NO 2 À production was measured during aeration (Figures 2 and 3) . Interestingly, in this area close to an aeration zone, the O 2 concentration was so low even during aeration (O 2 turnover faster than O 2 supply) that also simultaneous nitrification/denitrification could take place, which hints to partial nitritation. Other (micro)habitats of the obviously heterogeneous nitrification/denitrification tank might show comparable characteristics. Patterns can also change with daily and seasonal variations of the wastewater nutrient composition, microbial composition of the activated sludge and other parameters like O 2 concentration and pH, which all influence microbial N-conversion rates. The exact interplay of parameters that favor AOB growth over NOB growth, and thus partial nitrification, is complex (reviewed by Soliman & Eldyasti ) . For example, a temperature >24-25 C favors AOB growth, whereas a temperature between 10 and 20 C favors NOB growth. The temperatures during our in situ measurements on SBNR were 19.0 and 21.5 C, respectively, which should neither favor AOB nor NOB strongly. Lower temperatures outside of summer in Denmark would, however, be less conducive for partial nitritation in a mainstream. Also, the pH in the nitrification/denitrification tanks of Marselisborg WWTP was relatively low, approximately 7 (Table 1) . This in particular has a negative effect on AOB, which have a pH growth optimum between 7.9 and 8.2. In contrast, NOB have a pH growth optimum between 7.2 and 7.6, and thus have an advantage at a pH around 7. The anammox process itself, would, however, not be affected by the low pH. The optimum pH for the growth and activity of anammox bacteria used in wastewater treatment is in the range of 6.7-8.3 (Strous et al. ) .
CONCLUSION
During ongoing daily operations of WWTPs, biotic and abiotic parameters are subject to large fluctuations. Increasing the anammox bacteria abundance in the nitrification/denitrification tanks by e.g. extending the SRT while keeping a good substrate-to-microorganisms ratio, and adjusting favorable conditions for partial nitritation for either nitritationanammox or a nitrite shunt in a mainstream are therefore challenging tasks (Kouba et al. ) . Good partial nitritation might be reached by continuous monitoring of parameters that influence AOB versus NOB growth and a subsequent immediate response to alter potentially unfavorable conditions. Tackling this might be essential to establish the necessary continuous and sufficient NO 2 À supply for anammox growth and activity in the mainstream and could be, therefore, the decisive foundation for the establishment of nitritation-anammox to a reasonable relative proportion of BNR. An inoculation of AOB and anammox biofilms on, for example, permanent carriers might be of additional help to keep and enrich the desired bacteria in the nitrification/denitrification tanks, and with this to hopefully enhance BNR by nitritation-anammox, even in a mainstream of a temperate region.
